Measurements of important reactive nitrogen species (NO, NO2, HNO3, PAN, PPN, NO•-, NOy), C1 to Co hydrocarbons, 03, chemical tracers (C2C14, CO), and meteorological parameters were made in the troposphere (0 to 12 km) over the western Pacific (0ø-50øN) during the Pacific Exploratory Mission-West A campaign (September-October 1991). Under clean conditions, mixing ratios of NO, NO2, NOy, and 0 3 increased with altitude and showed a distinct latitudinal gradient. PAN showed a midtropospheric maximum, while nitric acid mixing ratios were generally highest near the surface. Measured NOy concentrations were significantly greater than the sum of individually measured nitrogen species (mainly NO•c, PAN, and HNO3) , suggesting that a large fraction of reactive nitrogen present in the atmosphere is made up of hitherto unknown species. This shortfall was larger in the tropics (•65%) compared to midlatitudes (•40%) and was minimal in air masses with high HNO 3 mixing ratios (>100 ppt). A global threedimensional photochemical model has been used to compare observations with predictions and to assess the significance of major sources. It is possible that the tropical lightning source is much greater than commonly assumed, and both lightning source and its distribution remain a major area of uncertainty in the budgets of NOy and NO x. A large disagreement between measurement and theory exists in the atmospheric distribution of HNO 3. It appears that surface-based anthropogenic emissions provide nearly 65% of the global atmospheric NOy reservoir. Relatively constant NOx/NOy ratios imply that NOy and NO•c are in chemical equilibrium and the NOy reservoir may be an important in situ source of atmospheric NO x. Data are interpreted to suggest that only about 20% of the upper tropospheric (7-12 km) NO x is directly attributable to its surface NO x source, and free tropospheric sources are dominant. In situ release of NO x from the NOy reservoir, lightning, direct transport of surface NOx, aircraft emissions, and small stratospheric input collectively maintain the NO x balance in the atmosphere. It is shown that atmospheric ratios of reactive nitrogen and sulfur species, along with trajectory analysis, can be used to pinpoint the source of Asian continental outflow. Compared to rural atmospheres over North America, air masses over the Pacific are highly efficient in net 03 production. Sources of tropospheric NO x cannot yet be accurately defined due to shortcomings in measurements and theory. •2Centre des Faibles Radioactivites,
Introduction
The NASA Global Tropospheric Experiment (GTE) consists of a series of field programs designed to elucidate the 1NASA Ames Research Center, Moffett Field, California. While NO measurements showed excellent agreement, substantial differences in NOy measurements between the two techniques were observed. Water interference was found to be a major source of uncertainity in the NU instrument causing the data below 3 km to be largely unreliable. However, this was not the only reason for the disagreement as measurements at altitudes above 7 km, where water interference should have been negligible, also disagreed. Here the GIT NOy measurements were typically higher than those reported by NU by about a factor of 2 with most pronounced differences in tropical air masses. A panel of experts, after careful evaluation of these data sets, concluded that the NOy data collected by GIT using the LIF technique suffered from fewer problems and provided a preferred data set [Crosley, 1993] . Based on the panel recommendation, we have used the GIT NOy data set in this study unless otherwise stated. We caution that in some Extensive trajectory analysis and 5-to 10-day back trajectories were available from Merrill [this issue]. Typically, 10-15 trajectories were calculated for each flight starting at altitudes that extended from 1 to 12 km. The analysis of data presented in this paper took advantage of the overall synoptic meteorology and trajectory information in selecting missions of interest. Table 1 provides a basic summary of the meteorology that prevailed during each of the PEM-West A missions.
The data collected over the western Pacific were compared with the output of a three-dimensional global photochemical model (MOGUNTIA). This three-dimensional model contained a detailed chemical scheme describing 03/NOx/CO/ CH4/C2H6/C3H 8 chemistry with more than 100 photochemical reactions, as described by Kanakidou et al. [1991] . The model used a global emission inventory with a 10 ø latitude x 10 ø longitude resolution and contained 10 vertical levels from surface to 100 hPa. Rainout of key species (e.g., HNO3, H202, and CH3COOH) was based on climatological rainfall rates and scavenging efficiencies described by Langner and Rodhe [1991] for in-cloud scavenging of particles and gases. The OH distri- 
Atmospheric Distributions Over the Western Pacific: Mixing Ratios, Variabilities, and Vertical Structures
In this section we look at the distribution key reactive nitrogen (NO, NOx, PAN, HNO3, and NOy) measured during this experiment. Table 2 provides higher HNO3 levels, in general, coexisted with higher NOx levels. However, this was not found to be the case in the middle (3-7 km) and the upper troposphere (7-12 km) where HNO3 mixing ratios were largely independent of the NOx present. Collectively, the lack of correlation with NOx and other tracers, disagreement with theory, and an extremely low HNO3/ NOx ratio may a hint at some HNO 3 measurement problem. However, special tests designed to verify the validity of this technique have uncovered no identifiable instrumental problems (R. Talbot, University of New Hampshire, private communication, 1994). There are also persuasive arguments to suggest that severe shortcomings in the simulation of HNO 3 transport and chemistry currently exist. The removal processes involving rainout and washout are often localized and sporadic and difficult to simulate accurately in a climatological model. It is also possible that there are unknown processes (surface catalyzed?) that rapidly convert HNO 3 to NOx and these are neither well known nor simulated in current models. Based on very limited information [Travagli, 1938] , it has been speculated that nitric acid could react with formaldehyde on con- 
Relationships Between Reactive Nitrogen, Ozone, and Tracer Species: Sources of Tropospheric NOx and NOy
The relationships among reactive nitrogen, ozone, and select tracer species were explored to see if these could shed any light on the nature of their sources. Hydrocarbons (e.g., C2H2) and halocarbons (e.g., C2C14) are generally considered good tracers of anthropogenic activity. Figure 6 shows the relationship of NOy and 0 3 with C2H2 for boundary layer and freetropospheric conditions. It is evident from Figure 6 •,.•(....•,  ............,  ;,?,..'.-. ........., ,,,•t•.t..:t•. "."-' done, but previous studies from remote clean air have shown that a substantial fraction of nitrate aerosols are generally found in the coarse fraction (e.g., crustal materials). Hence aerosol NO 3-is not included in the definition of NOy,. We note here that aerosol nitrate, as a fraction of NOx, was higher in the western Pacific compared to other pristine places such as the subarctic. To the extent that some aerosol nitrate may be sampled as NOx, a small error is possible. As has been discussed above, there were large differences in the NOx measurements of GIT and NU even at high altitudes (above 7 km), where moisture-related interference is negligible. To illustrate the nature of these differences, results from the 7-to 12-km band are provided with both GIT and NU NOx data. ., 1992, 1994; Singh et al., 1992, 1994] . The situation is a bit more reasonable when the NU NOy data are used (only 7-12 km) resulting in mean shortfalls of 30 and 40% for the two latitude bands. This amounts to some 300 ppt versus 100 ppt of missing reactive nitrogen for 7-12 km. Clearly, instrumental errors are a major source of uncertainity in defining and understanding this shortfall. Figure 11 shows the relationship of NOy i with that of NOy and 03. As expected, NOy is nearly always higher than NOy i and a linear relation with 03 is present. We studied the relationship of the reactive nitrogen shortfall with that of other species such as ozone, reactive nitrogen species, tracers, and parameters that might indicate the air mass age (C2H2/CO ratio). High shortfalls could be seen both under conditions of low and high C2H2/CO ratios. Generally, no special relationships were evident except in the case of HNO 3. Figure 12 shows a plot of the reactive nitrogen shortfall as a function of HNO 3 and an inverse relationship is present; that is, the shortfall is modest when HNO 3 concentrations are 100 ppt or larger and increases with decreasing HNO 3 concentrations. This inverse relationship between nitrogen shortfall and HNO 3 abundance is contrary to the linear relationship observed by Atlas et al. [1992] . These measurements strongly indicate that a dominant fraction of the global nitrogen is made up of hitherto unknown species, especially in the tropics. The possibility cannot be ruled out that at least in some cases, measurement difficulties may also be present. Figure 13 shows example trajectories from four missions which were alternately minimally or strongly impacted by continental emissions. Trajectory analysis indicated that missions 7 and 13 provide instances where continental outflow from Japan or China may have occurred, while missions 6 and 12 were relatively unimpacted by Asian emissions. The vertical distribution of 03 and C2H 6 during missions 6 and 7 and 12 and 13 is shown in Figure 14 and the continental impact is evident from the enhanced mixing ratios. Table 5 summarizes the median concentrations of a large number of species for the 0-4 km altitude for these missions. In general, the differential (A) due to Japan outflow (mission 7) is very similar to that from China outflow (mission 13). For example, in both instances a A of some 30-35 ppb 03, 120-140 ppt PAN, and 300-400 ppt NO v was observed. This AO3/ANO v of about 100 is an order of magnitude higher than what was encountered over North America [Olszyna et al., 1994] . The large AO3/ANO v is indicative of the very high efficiency with which 03 is produced over the Pacific, when compared to typical rural sites over North America. Emission inventories compiled for Asia [Kato and Akimoto, 1992] suggest that the nitrogen to sulfur ratio (vol/ vol) is about 2.5 for Japan and 0.5 for China. This ratio is calculated as R in Table 5 . Indeed R is much higher for the Japanese-influenced air (R -2.1-2.7) compared to the Chinese-influenced air (R -0.5-0.7) . The bulk of the extra sulfur from China appears to be in the form of sulfate aerosols. It is perhaps important to note that in the case of peroxides the reverse was found to be true and the mixing ratios were lower in the air impacted by continental emissions. This is expected since continental outflow often involves convective processes during which peroxides could be scavenged. Figure 15 shows the latitudinal profile for key species measured in the western Pacific free troposphere (3-7 kin, 7-12 kin) during PEM-West A. In virtually all cases a north/south gradient is evident. Elevated 03, precursor and tracer concentrations are nearly always encountered between 20 ø and 30øN latitude where a great deal of the Asian continental outflow occurs. The impact of this outflow is greater at high altitudes. This is evident from the distribution of C2H 2 (Figure 15f ) which is a relatively inert hydrocarbon tracer. These data clearly show that convective processes are at work and pollutants are carried aloft relatively rapidly and then transported via fast winds in the upper troposphere. Species such as HNO3, which are easily scavenged during convective processes, do not show such behavior (Figure 15b) . The vertically increasing concentrations of hydrocarbons [Blake et al., this issue] and CO (e.g., Figure 3½) 
Impact of Continental Outflow on Western Pacific

Conclusions
The distribution of reactive nitrogen and ozone has been studied in the atmosphere over the western Pacific Ocean. Observations are in general accord with model results, but there appear to be important disagreements in some cases (e.g., HNO3). The reservoir of atmospheric NO v is strongly influenced by anthropogenic sources. This NO v reservoir is probably an indirect source of atmospheric NOx at all alti-tudes. It is inferred that surface sources of NOx only minimally impact its upper tropospheric abundance in a direct way and here nonsurface sources dominate. These may include lightning, stratospheric injections, aircraft emissions, and rapid conversion of NO v to NO• via as yet unknown mechanisms.
The budget of reactive nitrogen is poorly accounted for and if these measurements are accurate, large quantities of reactive nitrogen present in the atmosphere are made up of hitherto unknown species. During conditions involving westerly flow, the western Pacific is strongly impacted by Asian continental sources at all altitudes. The continental impact at the upper tropospheric levels is the strongest, but the sources are probably global and not limited to the Asian continent. Trajectory analysis and a comparison of measurements with source inventories can be used to identify recent source regions. The impacted air masses are highly efficient in ozone formation. Sources of atmospheric reactive nitrogen cannot yet be accurately defined due to shortcomings in measurements and theory.
